A nested-grid hydrodynamic modeling system is used to examine the circulation and dispersion in Lake Huron and adjacent areas with specific attention to physical parameters pertinent to the estimation of hydrodynamic connectivity of near-surface waters. The nested system is forced by monthly mean surface heat flux and 12-hourly wind stress computed from wind speeds extracted from the National Centers for Environmental Prediction of the National Center for Atmospheric
INTRODUCTION
Lake Huron is the second largest Laurentian Great Lake and the fifth largest freshwater lake in the world. It contains a volume of 3,540 km³, and a shoreline of 6,157 km. It has horizontal dimensions of about 330 km east to west and 290 km north to south, with a maximum water depth of 230 m and an average water depth of about 60 m. Lake Huron is hydrologically inseparable from Lake Michigan, joined by the wide Straits of Mackinac (Saylor & Sloss ) . Lake Superior drains into the St. Marys River which flows southward into Lake Huron. The water then flows south through the St Clair River into Lake St Clair, which in turn discharges through the Detroit River into Lake Erie.
Although Lake Huron retains much of its historic fish and wildlife habitats due to relatively low human population densities over the sides of the lake, the biological diversity in the region has been compromised by human influences (http://binational.net/lakehuron_e.html). Fish and wildlife in the region continue to be exposed to a multiplicity of physical, chemical, and biological stresses, such as degradation and loss of historical habitat in tributaries and nearshore habitat, eutrophication in localized areas, effects of harmful exotic species, effects of overfishing, and impact of persistent toxic contaminants. Contaminants in the nearshore are another concern for lake-wide management in the lake. Contaminants to Lake Huron originate from many sources, including industrial and municipal discharges, spills, landfills, storm sewers, and agricultural runoff. Furthermore, Lake Huron has a long retention time (more than 20 years) and large surface areas, which have resulted in the buildup of persistent substances that bioaccumulate in fish and wildlife.
Impairments of nearshore water quality along portions of southeastern Lake Huron have been a major public concern in recent years. In 2004, the Lake Huron Science That was the first attempt to apply a nested-grid modeling system to simulate the 3D circulation, thermal structure and associated seasonal variability in Lake Huron and adjacent Georgian Bay. Their model results were assessed using the currents and temperature observations made in the lake during the Upper Lake Reference Study. The model results showed a cyclonic coastal jet in both Lake Huron and They showed that physical processes play an important role in structuring the recruitment dynamics of Great Lakes fishes. More recently, several studies were carried out to assess geospatial and nearshore hydrodynamic characteristics in the Huron-Erie Corridor (http://huronerie.org/) with a goal to provide natural habitat attributes including geomorphology, flow and thermal regimes for fish habitat restoration in the lake. These studies identified an urgent need to predict the circulation and associated hydrodynamics and ecological connectivity in these lakes. In this study the particle retention, dispersion, and hydrodynamic connectivity in near-surface waters in Lake Huron and Georgian Bay are calculated by using a particle transport model coupled to a nested-grid circulation model. 
THE NESTED-GRID CIRCULATION MODELING SYSTEM
The nested-grid modeling system used in this study is based 
where Δx and Δy are the grid spacing, u and v are the eastward and northward components of currents, and c is set to 0.1. The inverse horizontal turbulent Prandtl Number (the ratio of the eddy diffusivity A h to the eddy viscosity A m ) is set to 0.1. A quadratic bottom stress parameterization is used with a drag coefficient of 2.5 × 10
The nested-grid modeling system is forced by the timevarying but spatially uniform wind stress and net heat flux at the lake surface. The wind stress used in this study is cal- 
where Q net input is the input net heat flux (NHF), LST input is the input lake surface temperature (LST), LST model is the model-calculated LST, and γ is the coupling coefficient that, due to the strong wind-driven character of the lake hydrodynamics, the spin-up time of the lake circulation is relatively short (Beletsky & Schwab ) .
Therefore the effect of the initial conditions on the long-term model simulations should be negligible after a few weeks. 
MONTHLY MEAN CIRCULATION AND MODEL VALIDATION

RETENTION AND DISPERSION OF NEAR-SURFACE PARTICLES
The dispersion and retention in Lake Huron and Georgian Bay are examined based on horizontal movements 
wherex(t 0 þ Δt) andx(t 0 ) are horizontal position vectors of a passive particle at time t 0 þ Δt and initial time t 0 respectively;ũ(x, t) is the horizontal velocity vector of model currents; Δt (1 hour) is the time step used in the numerical integration, which is much greater than the time steps used in the numerical simulation of the nested-grid modeling system; andδ is additional random horizontal displacements used to represent the influence of physical processes that are not modeled explicitly in this study (such as displacements associated with turbulent flow or currents driven by high-frequency wind forcing, both of which are not simulated by the nestedgrid modeling system). We follow Hannah et al. () and expressδ as
where ξ and ς are random deviates from a Gaussian distribution of zero mean and unit variance respectively, and κ is an additional horizontal eddy diffusivity for the random displacements which is set to 2 m 2 s À1 (Rao & Murthy
).
To quantify retention and dispersion of passive particles, 
where N(x, t 0 ) is the number of particles released initially in a sub-area of a given size centered atx at initial time t 0 , and N(x, t) is the number of original particles remaining within the sub-area at some later time t. The retention index defined above represents the proportion of particles released in a given sub-area at t 0 remaining inside the sub-area at a later time t. The value of R is between 0 and 1, with higher values corresponding to higher retention of particles. In the case of R ¼ 0, all the particles are flushed from the given sub-area between time t 0 and t. Once the retention index R is known, the dispersion rate can readily be calculated from (1 À R(x, t)). Therefore only the calculation and discussion of the retention index are discussed in this study.
The velocity field used to calculate the particle trajectories is the monthly mean currents produced by the nested-grid modeling system. The passive particles are released in the surface layer of the lake, and are assumed to be non-reactive and neutrally buoyant. Each particle can be considered as a small parcel of water and do not affect the density of water. The movement of each particle is the combination of movements carried passively by the Based on the horizontal movements of particles, the retention index for surface waters in Lake Huron can be calculated using Equation (5). The sub-area used in the calculation of the retention index is a square box with the The 9-day retention is small and about 0.4 near the coastal region in south Lake Huron due to the strong coastal jet.
The high retention indices of greater than 0.8 occur in Saginaw Bay, the eastern North Channel, and eastern Georgian Bay, resulting from relatively weak currents over these regions. It should be noted that the computed retention indices shown in Figure 5 are not very sensitive to the choice of the dimensions of the box (or sub-area) used in the calculation. Nevertheless, the computed indices will be too noisy if the area of the box is too small and too smooth if the area of the box is too large.
We next examine the horizontal movements of passive particles in southeastern Lake Huron calculated from the near-surface (1.5 m) currents produced by the fineresolution inner model. Figure 6 
HYDRODYNAMIC CONNECTIVITY
To investigate the dynamic connectivity of surface waters in the lake, we divide the outer model domain into nine subregions (with names and boundaries of the regions indicated in Figure 9 ), and estimate the exchanges of near-surface particles between different regions based on particle () and express the percentages of passive particles originating from a specific sub-region S i to make transitions to other sub-regions over a fixed time interval in terms of a transition matrix. The diagonal elements of the transition matrix from bottom-left to top-right in Table 1 The hydrodynamic connectivity between the subregions of the outer model domain can be analyzed based on Table 1 . For an example, the transition of the ninth element from left in the first row (i.e. the diagonal element) is about 0.91, indicating that about 91% of near-surface particles released in Southern Lake Huron (SLH) are retained in SLH during the 9-day period. Abbreviations are used for North Channel (NC), Georgian Bay (GB), Northern Lake Huron (NLH), connected area (CON), west of Middle Lake (MW), center of middle lake (MC), east of Middle Lake (ME), Saginaw Bay (SB), and Southern Lake Huron (SLH).
SLH receives about 3% of near-surface particles released in Saginaw Bay (SB, the ninth element from left in the second row), and about 9% of near-surface particles released in the center of Middle Lake (MC, the eighth element from left in the fourth row) and 7% of near-surface particles released over the west of Middle Lake (MW, the eighth element from left in the fifth row) during the period.
SUMMARY
A 3D nested-grid circulation modeling system was applied to simulate the circulation, thermal structure and associated seasonal variability in Lake Huron and Georgian Bay, with a special emphasis of circulation over southeastern Lake Huron.
The model-calculated currents produced by the nestedgrid modeling system were used to track the horizontal movements of near-surface particles in the lake. A random walk process was added to represent influence of physical processes that are not modeled explicitly in this study such as turbulent motions and currents driven by high-frequency wind forcing. Based on the particle movements, the retention, dispersion and hydrodynamic connectivity of surface waters in Lake Huron and Georgian Bay were calculated in terms of the retention index and connectivity (transition) matrix. Distributions of retention indices over the whole lake using short model runs indicates that horizontal dispersion of near-surface particles is relatively small in Saginaw Bay, eastern North Channel, and eastern Georgian Bay. A connectivity matrix calculated from the particle trajectories quantified the exchange of passive particles among nine sub-regions within the lake. Particle exchanges from Georgian Bay and North Channel are much weaker than those sub-regions in the main lake due to the restriction of narrow passages isolating these areas.
This study provides a basis to begin comprehending connectivity within the lake and to allow the development of more complex models. Combined with ecological and epidemiological models, the hydrodynamic model developed here will serve to evaluate the ecological connectivity among population and communities within the lake, and to predict the spread of contaminants, water borne diseases and invasive species through the lake.
